Introduction
Underwater ambient noise below 10 kHz has been studied with varying intensity since the 1940s and a multitude of papers have been published on the subject during recent decades. In contrast, there have been relatively few studies on ambient noise above 10 kHz. 1 The Knudsen curves reevaluated and compiled by Wenz 2 define tabular deepwater ambient noise curves that fall off at a rate of 5 to 6 dB per octave up to 25 kHz. In later text books, e.g., by Urick, 3 this slope has been extrapolated upward to the thermal noise limit ranging from 40 to 150 kHz as sea state rises from 0 to 6. During the 1980s, Farmer and Lemon 4 reported measurements where the dependence of ambient noise on wind speed decreased at higher wind speeds and at higher frequencies. They concluded that this was due to scattering and absorption in a thin layer of bubbles produced by breaking waves. Deane 5 analyzed breaking wave noise in the surf zone and showed with theoretical calculations that only a thin outer shell of bubbles in a plume contributes to the wave noise due to strong damping of sound within the plume. From this theoretical background, Deane and Stokes 6 developed a model for the underwater noise from breaking waves, where the wave noise is determined by the bubble excitation mechanism, the bubble creation rate, and the propagation environment.
Poikonen 1 described a high-frequency study with unexpected features at frequencies above 10 kHz, where spectral slopes steepened markedly at intermediate and high wind speeds. A tentative physical explanation for the observation was the welldocumented difference in bubble size distribution between brackish (or fresh) and salt water. 7, 8 The low proportion of small bubbles in brackish water may lead to a substantial drop in spectrum levels above the natural resonance frequency corresponding to the smallest significant bubble size. This phenomenon could explain the dual-slope pattern above 1 kHz observed in the study. 1 The high-frequency behavior of brackish water spectra is very likely controlled by both the bubble size distribution and the sound attenuation in a bubbly mixture under breaking waves. The present study focuses on resolving the relative importance of these physical processes in brackish water using established dispersion and noise models which have already been applied to ambient noise studies in oceanic environments. Figure 1 (a) shows a set of seven measured spectra covering wind speeds from 0 to 16 m/s 1 , where the spectral slopes steepen markedly above 10 kHz at intermediate and high wind speeds. The dual-slope pattern above 1 kHz in the spectra can be parameterized by means of a three-parameter logarithmic curve that fits two spectral slopes to measured data. The noise power spectral density S(dB/lPA/ ffiffiffiffiffiffi ffi Hz p ) is of the form
High-frequency spectral features
where m 1 and m 2 are the slope parameters, and f 2 is the second half-power frequency at which the spectral slope steepens. S 0 is the spectrum level parameter, and f 1 is the first half-power frequency that is outside the frequency band of interest. The spectral slope factors in decibels per octave are obtained from the m parameters as 3m 1 for the medium-frequency (MF) slope and 3(m 1 þ m 2 ) for the high-frequency (HF) slope. The curve of Eq. (1) was fitted as a least squares solution to all of the measured spectra. The curves fitted to wind speeds of 6 and 14 m/s are depicted as dashed lines in Fig. 1(a) . Uncertainty in fitting the curve was estimated with a deviation calculated from the residual sum of squares (RSS). The residual deviations in the fitted curves in Fig. 1 (a) were 0.54 dB for the 14 m/s curve and 0.92 dB for the 6 m/s curve. The degree of fit between the measured and modeled spectra was generally good; residual deviations for the rest of the fitted curves were typically less than 1 dB. The curve parameters obtained from the whole data set are shown in Fig. 2 . The spectral slope factors for MF and HF are depicted in Fig. 2 (a) as a function of wind speed, and the dependence of the half-power frequency (f 2 ) on wind speed is shown in Fig. 2 (b). All three slope parameters show a rising trend as wind speed increases. The HF slope factor rises from 6 to 12 dB/oct as wind speed increases from around 5 to 15 m/s. The corresponding MF slope factor is less sensitive to wind speed and steepens only from 1 to 3 dB/oct. The half-power frequency f 2 increases from 5 to 13 kHz within the same wind speed range.
Attenuation of sound in bubbly water
Attenuation of sound in bubbly water was calculated with Commander and Prosperetti's dispersion relation, 9 which has been used in many oceanic ambient noise studies. 5, 6, 8 The model is applicable to volume fractions up to 1%-2%. The propagation through a dispersive medium is governed by the wave number, depending on angular 
. The attenuation of the sound wave is determined by the absorption coefficient b (nepers per meter). Deane 5 has adopted the concept of "skin depth" from electromagnetism to hydroacoustics, defining the acoustical skin depth as L a (x) ¼ 1=b (x). Notation and geometry for the calculations are depicted in Fig. 1(b) . All the physical parameters required in the model calculation are given in the paper by Orris and Nicholas. 8 If the steeper slopes in the spectra above 10 kHz were due to increased attenuation in a bubbly layer, the bubble absorption b b ¼ ÀImfk b g should be higher at frequencies where the increased attenuation is observed. This can be tested by determining the absorption b b for several documented or estimated bubble size distributions. A bubble size distribution curve used for brackish water spectra by Poikonen 10 is
where a 1 and a 2 are the lower and higher half-value limits (n ¼ 1 =2n 0 ) of a bubble size distribution and k 1 and k 2 are the corresponding power law dependencies on radius. Several bubble size distributions with the corresponding absorption curves b b (x) are depicted in Fig. 3 . All three oceanic distributions have a different slope of bubble density versus bubble radius (k). The steepest curve in Fig. 3(a) , where k ¼ À4.4 at a ¼ 0.1 mm, is given by Medwin and Clay 11 (p. 330). The two other oceanic curves fall off more gently, having respective slopes of k ¼À5=2 at a ¼ 0.1 mm (Deane 5 ) and k ¼ À3=2 at a ¼ 0.1 mm (Deane and Stokes 12 ). The fresh and salt water distributions in Fig. 3(a) are from the study by Orris and Nicholas 8 who did bubble plume experiments in Lake Washington (fresh water) and in Puget Sound (salt water). The peak in the salt water distribution contains almost 20 times more bubbles than that in the fresh water distribution, and the radii corresponding to the peaks are 50 lm for salt water and 0.9 mm for fresh water. The brackish water curve has the distribution parameters a 1 ¼ 0.1 mm, a 2 ¼ 0.4 mm, k 1 ¼ 2, and k 2 ¼ 3, setting the peak at a radius between 0.2 and 0.3 mm, see Eq. (2). The numerical levels of the fresh, salt, and brackish water (n 0 ) distributions are essentially arbitrary, but have been chosen so as to place the curves in a realistic range of bubble density. Medwin's curve is used as a reference distribution where the bubble density level is as documented. 11 The numerical levels of the other oceanic curves have been normalized to intersect the reference distribution at a radius of 55 lm so that resultant absorption curves are close to one other, thus facilitating better comparison. The volume fractions of all the distributions calculated for the radius range 0.01-3.3 mm are less than 0.3%. The attenuation of sound in pure sea water below a bubbly surface layer is dominated by the viscous and chemical absorption b c , which was calculated as a function of frequency for the ocean and Baltic Sea environments using the expression by Ainslie and McColm. 13 The chemical absorption curves b c are depicted in Fig. 3(b) in order to demonstrate that they are several orders of magnitude lower than the bubble absorptions b b .
Distribution curves that fall off steeply with increasing bubble radius, e.g., Medwin and the Salt curve, exhibit a rising trend in absorption as frequency increases. The fresh and brackish water distributions, however, show the opposite behavior, due to the low proportion of small bubbles resonating above 10 kHz. This leads to the conclusion that the excess high-frequency attenuation in the present brackish water spectra cannot be attributed to absorption in a bubbly mixture; accordingly, the properties of the bubble size distribution provide the most probable explanation for the steeper slopes.
Bubble noise modeling
It is well established that the primary source of ambient noise in the frequency range from less than 1 kHz up to around 50 kHz is the cumulative sound from individual bubbles oscillating at their linear resonant angular frequency. 5, 11, 14 Loewen and Melville 14 introduced a simple model for sound generated from gently spilling waves, where bubbles are sufficiently close to a pressure release surface to radiate sound as a dipole. The dipole strength of a bubble is controlled by the product eL, where e is the fractional amplitude of bubble oscillation (e ¼ da=a, where a is the bubble radius) and L is the displacement in the dipole moment. Loewen and Melville showed that the dipole strength term eL is independent of bubble size and is effectively constant across the sound spectrum. The value of e in the present study was 0.014, which is the estimated value determined by Medwin and Beaky 15 for a single resonating bubble with a radius of 0.3 mm. The value of L is of the order of the wave amplitude, which in this case was 0.5 m. Loewen and Melville used the damping constant approximating Devin's equation for thermal damping, which neglects radiation and viscous damping. Deane and Stokes 6 demonstrated, however, that radiation damping cannot be neglected for bubble radii less than about 300 lm. The dimensionless damping constant d(f) % 0.0025f 1 =3 (p. 302 in Ref. 11) includes both radiation and thermal damping, and therefore it was used in the present study.
Bubble distributions for the calculation of Loewen and Melville's power spectrum were created by spreading 10 5 bubbles/m 2 over a radius range of 0.01-3.3 mm with 10 lm increments (da). The number of randomly distributed bubbles in each bin is determined by the value of the distribution at the radius in the middle of the bin. The cumulative power spectrum was obtained by summing individual bubble spectra over the radius range and the bubbly surface, where the area differential was dA ¼ 2prdr, see Fig. 1(b) . Unlike the single bubble spectrum, which is dependent upon both R and d, the cumulative spectrum is independent of depth d. It is not possible to determine the true number of bubbles in the surface layer because the thickness of the bubble layer radiating underwater sound is limited to the order of the skin depth L a , see Fig. 1(b) . Instead, bubble densities obtained by fitting the cumulative bubble spectrum model to the measured brackish water spectra are tied to the average deepwater ocean spectrum for sea state 6 (wind speed 14-16 m/s) (Ref. The best fit to the deep-water reference spectrum is obtained with a bubble density n(a) $ a À(3=2) that yields a spectral slope of % 5.7 dB/oct (19 dB/dec), Fig. 4(a) . This supports the discovery by Deane and Stokes 12 that bubbles less than about 1 mm in radius exhibit a bubble density proportional to a À(3=2) as a result of jet and drop impact on the wave face. Bubbles larger than about 1 mm have steeper power law scaling (À10/3). Bubbles of this size, however, were omitted from the calculation because their resonance frequencies are below the frequency range of the model.
The total number of bubbles required in the model to fit the level to that of a true spectrum i is $ k i N0 i (a), where N0 i (a) is the unit distribution of 10 5 bubbles=m 2 . Bubble size distributions for the brackish water spectra (i > 0) were scaled to the ocean distribution (i ¼ 0) with a ratio of k i =k 0 . The measured and modeled spectra are shown in Fig. 4(a) . The characteristic dual-slope pattern separates the brackish water spectra from the steadily sloping ocean spectrum. Relative bubble densities corresponding to the brackish water spectra are depicted in Fig. 4(b) , and the associated curve parameters in Eq. (2) are given in the figure caption. As wind speed increases, the bubble size distribution in brackish water develops a distinctive maximum at radii between 0.1 and 0.3 mm, together with a relative drop in bubble density below a radius of 0.1 mm. A physical explanation for this is the fact that small bubbles have a tendency to coalesce in fresh and brackish water, while saltwater bubbles repel each other, thus preventing the loss of small bubbles by coalescence. 16 Furthermore, bubble densities in complex coastal situation are known to have spatial variability depending on seasonal, biological, and even weather conditions. 11 The pronounced maximum in the brackish water distribution seems to explain the modest spectral slopes at frequencies between 1 and 10 kHz while the steep slopes above 10 kHz are due to the relative scarcity of small bubbles at radii less than 0.1 mm.
Conclusion
High-frequency ambient noise spectra measured in a shallow brackish water environment exhibits a dual-slope spectral pattern above 1 kHz due to increased attenuation above 10 kHz at intermediate and high wind speeds. The study demonstrates with Commander and Prosperetti's dispersion relation that absorption in brackish and fresh water, unlike in ocean water, tends to decrease above a frequency of 10 kHz due to the low proportion of small bubbles in a bubbly mixture created by breaking waves. The excess high-frequency attenuation in the spectra cannot therefore be directly attributed to the effects of absorption in a bubbly mixture. Measured ambient noise spectra were modeled as a cumulative power spectrum of individual resonating bubbles distributed in a radius range of 0.01-3.3 mm using Loewen and Melville's model for the sound generated by breaking waves. The bubble density of a brackish water spectrum was coupled to that of the average deep-water spectrum, the bubble density of which is well-documented in literature. The best fit to the average deep-water spectrum having a spectral slope of 5.7 dB=octave (19 dB=dec) was obtained with a bubble density that is proportional to the bubble radius to the power of À3=2. The dual-slope pattern observed in the brackish water spectra is mostly explained with a bubble size distribution that has a distinctive maximum at radii between 0.1 and 0.3 mm, and a relative drop in bubble density below a radius of 0.1 mm.
One should, however, be careful not to generalize the present brackish water results too much due to the complexity of the coastal situation. Bubble densities are known to have considerable spatial variability depending on seasonal, biological, and even weather conditions.
